We have scattered low energy (100 -400 eV) Na" from a Cu(001) surface, and studied the peak in the energy spectra that corresponds to collisions in which the Na' interacts primarily with a single Cu atom. This peak is broadened by the thermal fluctuations in the momentum of the Cu atom. Its width has been measured as a function of surface temperature, scattering geometry, and incident energy. Our data agree well with a rigorous statistical analysis (within 10%) but poorly with the trajectory approximation (TA), demonstrating that the TA can fail when recoil is substantial.
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To find the energy loss spectrum of a particle scattered from a many-body bath, one often assumes that the particle moves on a classical trajectory.
The excitation spectrum of the bath is then calculated quantum mechanically, and the actual loss spectrum of the incident particle is deduced from energy conservation. This is the so-called trajectory approximation (TA), which is designed to include quantum corrections to classical scattering. The TA has been successfully applied to the scattering of electrons [1] , neutral atoms [2 -4] , and ions [5, 6] from surfaces and has recently been used to analyze multiphonon peaks in He scattering experiments [7] . In many of these applications the interaction with the bath does not significantly modify the trajectory, and it has long been speculated [8] that this restriction is a necessary condition for the validity of the TA [9 -11] .
In this Letter, we describe the first clear experimental demonstration of the failure of the TA due to substantial modification of the trajectory by the bath. We performed completely classical scattering experiments, using 100-400 eV Na+ ions incident on Cu(001) , in which the dominant energy loss was to phonons. The scattering conditions were similar to those proposed by Burke, Jensen, and Kohn [12] (hereafter BJK). The [13] ,where it is expected to work well because the recoil involving the electronic degrees of freedom in the surface is small [5] . )
The idea behind our experiment is simple. Imagine an ion scattering from a single oscillator in one dimension. We may treat this problem classically when the wavelength of the ion is short, and kqT && h~, where T is the initial temperature of the oscillator and co is its frequency. Classical statistical mechanics [14] says that the final energy spectrum of the ion is given by 1(E) = -dX dP 8 (E -EI(X, P))
where X and P are the oscillator s initial position and momentum, respectively, and are both integrated from -to~, H",(X, P) = P2/2M + Mco2X2/2, where M is the oscillator mass, Z = JdXdP exp [ H",(X, P)/kB-T] is the classical partition function, and EI(X,P) is the final energy of the ion, as a function of the initia1 conditions of the oscillator. As T 0, this spectrum approaches a single delta function at E = EI(0, 0). However, if T is small but finite, i.e. , k&T && F;, where F. ; is the incident energy of the ion, this peak will be slightly broadened. Expanding EI(X, P) around EI(0, 0), the square of the peak width, defined as the second moment of the intensity about the mean, is found to be [15] BEy, 8Fy Both the surface temperature, T"and the final angle measured from the normal, 8~, were varied. Figure 1 shows four measured energy spectra with E; = 201.2 eV and 8~= 45'. The spectra, which were taken at surface The trajectories which contribute to each peak have been determined by comparing the measured energy spectra to classical zero temperature simulations using the code sAFARi [16] The QS peak (see Fig. 1 Cu(110) [16] . These simulations indicate that, for E;~100 eV and 8; = 8y = 45, the trajectory leading to the QS peak is dominated by the interaction of the ion with a single Cu surface atom.
Furthermore, the potential is sufficiently short ranged that at these incident energies the Cu atom has no time to relax during the collision, i.e. , r « 2n/cuD, where r is the collision time and co~is the surface Debye frequency. Thus we model the impact as a collision between two free particles, in which energy and momentum conservation are sufficient to determine the final state of the system [12] . The (4) and (5) work well only for T, ) HsD/2 (see Fig. 12 of Ref. [12] ), where Os& is the surface Debye temperature, a condition well satisfied in our experiments [19] . Furthermore, although substantial charge exchange can occur under these scattering conditions [13] , a simple calculation [5] shows that the energy transfer to electron-hole pairs is small, and its temperature-dependent contribution to the width, which behaves as T, , is negligible [20] .
Why do we concentrate our analysis on the QS peak width alone. Firstly, for a single impulsive collision, the interaction potential between the incident ion and the surface is irrelevant, because we can model the impact as a collision between two free particles. Moreover, because we probe only momentum fluctuations at high temperatures, the dynamics of the lattice plays no role [21] . Thus there are no parameters to adjust in the theory, and simple kinematics determines this width.
In the experiment, the widths are determined from the measured spectra, four of which are shown in Fig. 1 , by fitting the three peaks in a spectrum with a sum of three Gaussians with an additional linear term to correct for the small background. The mean energies, widths, and amplitudes of the Gaussians, as well as the linear background, are treated as free parameters in the fit. In Fig. 2 we show a plot of (b, E)2 versus T, for the QS peak with F. ; = 201.2 eV and Hy = 45'. The data fall on a straight line which does not pass through the origin. This offset is at least partly due to the finite energy and angular resolution of the detector, the energy spread and angular divergence of the incident beam, and the isotopic mix of
Cu on the surface.
The slope of the best-fit straight line through the data in Fig. 2 (4), but with a different kinematic factor, grA (8) p[f(8) + 1 -2cos 8' (8)]. (7) In contrast to Eq. (5), this results in a slope that is 1.8 times larger than that of the straight line fit of Fig. 2 .
To make our analysis more thorough, we repeated the measurements of Fig. 2 
